We propose and demonstrate a cladding-pumped, erbium-ytterbium co-doped fiber amplifier (EYDFA) scheme based on dual wavelength auxiliary signal injection technique to solve the issue of the backward Yb-ASE self-lasing under strong pumping for the high-power fiber amplification of 1.5-µm kHz-linewidth linearly-polarized laser signal. With the dual wavelength auxiliary signal of 1030 and 1040 nm injection, the allowable maximum pump power without triggering the backward Yb-ASE self-lasing can be greatly increased due to the relieving effect on the inhomogeneous gain broadening. For an EYDFA with 3.8-m erbium-ytterbium co-doped double-clad fiber, the net output power is improved to 13.8 W, while the linewidth of the amplified single-transverse-mode linearly-polarized 1560 nm laser signal is still only 3.5 kHz. The SBS effect is observed to be trivial during the fiber amplification.
Introduction
High-Power linearly-polarized continuous wave lasers with kHz-linewidth are highly important in many applications including nonlinear frequency conversion, laser radar, and coherent detection [1] - [3] . Previous studies have shown that such laser sources can be constructed with an all-fiber master oscillator power amplifier (MOPA) configuration [4] , which comprise of a single-longitudinalmode fiber laser followed by fiber amplifiers. Regarding 1.5-µm bands, common erbium-doped fibers (EDFs), where the doping concentration is relatively low to avoid material effects such as clusters, are usually used for fiber amplifiers [5] . This makes it very difficult to enhance the output power of such fiber amplifiers. Therefore, current high-power fiber amplifiers have generally adopted erbium-ytterbium co-doped double-clad fiber (EY-DCF) as the gain medium because it can be directly cladding-pumped with commercially available high-power pump sources around 915 or 980 nm [6] , [7] . EY-DCF also utilizes the advantages of the strong pump absorption of co-doped ytterbium, and then resonantly transfers its excited-state energy to erbium ions, and finally improves the pump absorption of erbium ions [8] . Moreover, with the help of a co-doping technique to realize the separation of erbium ions via ytterbium ions, possible clustering between the erbium ions can also be avoided [9] . Consequently, the erbium doping concentration in the EY-DCF may be much higher than that in common EDFs. This makes it possible to use a shorter EY-DCF in 1.5-µm high-power fiber amplification, which is very beneficial for suppressing the stimulated Brillouin scattering (SBS) effect in laser signals with very narrow linewidth [10] .
To date, for 1.5-µm kHz-linewidth linearly-polarized laser signals, using large-mode-field EY-DCFs with 25-µm core-diameter, the output power of an all-fiber amplifier cladding-pumped directly with commercial semiconductor pump sources can be as high as 56.4 W [11] . However, with smaller core-diameter EY-DCFs operating in single transverse mode, the output power is still no more than 11 W [12] . This may be because the limited energy transfer rate from ytterbium to erbium, the upper level ytterbium ions accumulated near the pump input end of the EY-DCF cannot transfer their energy to erbium ions in time, which in turn can only provide high gain for the amplified spontaneous emission in ytterbium gain band (Yb-ASE) near the pump input end [13] . This may even cause self-lasing in the Yb-ASE under strong pumping conditions because of the discontinuities in fiber amplifier, which can easily damage fiber-optic devices if the pump power is excessively high [14] . Therefore, the allowed maximum pump power, and thus the signal output power, is limited for the fiber amplifier with EY-DCF. For increasing the allowable pump power, cladding-pumped erbium-ytterbium co-doped double-clad fiber amplifier (EYDFA) with high-power semiconductor pump source around 915 nm was proposed to reduce the ytterbium population conversion near the pump input end in EY-DCF. With this technique, the output power can reach 10.9 W for the 1.5-µm kHz-linewidth linearly-polarized laser signal [12] . Unfortunately, the 915 nm pumping scheme requires a relatively long gain fiber, which is incapable of avoiding the SBS effect [15] . Based on similar considerations for avoiding such Yb-ASE self-lasing, studies proposed to clamp the average ytterbium population inversion of the whole gain fiber by inserting a ring [16] or linear resonator [17] in cladding-pumped EYDFA, which increases the allowable pump power without any damage. With this scheme, however, the lasing power located in the ytterbium gain band (Yb-band) increases with the pump power. This in turn limits the enhancement of the 1.5-µm signal output power. Kuhn et al. [18] demonstrated that the Yb-ASE self-lasing effect may be relieved by injecting an auxiliary signal in Yb-band, so that the allowable pump power can be increased for improving the 1.5-µm signal output power. To remove the Yb-band auxiliary signal source, this method was further extended by directly reflecting a fragment of backward Yb-ASE back to the gain fiber with a fiber Bragg grating (FBG) [19] . Nevertheless, when using such an auxiliary signal injection scheme the output power of a cladding-pumped EYDFA is still less than 10 W. Most recently, Dong et al. directly core-pumped the EY-DCF with a high-power 1480 nm Raman fiber laser by only taking the advantage of high erbium-doping concentration in the EY-DCF. The Yb-ASE self-lasing effect is naturally avoided, and the output power of the 1.5 µm signal is greatly improved [20] . However, the 1480 nm Raman fiber laser pump source used is complicated in structure and has relatively high cost, which is not practical in large-scale applications. Therefore, how to avoid the Yb-ASE self-lasing effect, to improve the output power of cladding-pumped EYDFA with commercial high-power pump sources, particularly for 1.5-µm, kHz-linewidth, and linearly-polarized signals, still needs further study.
In this paper, we propose and demonstrate a cladding-pumped EYDFA scheme for the high-power fiber amplification of 1.5-µm linearly-polarized laser signal with kHz-linewidth. Without triggering the Yb-ASE self-lasing, the injection of a dual wavelength auxiliary signal of 1030 and 1040 nm into EYDFA greatly increases the allowable maximum pump power, due to the relieving effect on inhomogeneous gain broadening in the EY-DCF. In addition, the amplified auxiliary signals can act as secondary pump sources owing to their relatively stronger absorptions. Our experimental results show that, combining an EYDFA with our proposed technique, the net output power of 13.8 W was achieved for a 1560 nm, single-transverse-mode, linearly polarized laser with 3.5 kHz linewidth. To the best of our knowledge, thus far this may be the highest power achieved for such an EYDFA. Fig. 1 shows the configuration of our cladding-pumped EYDFA based on the dual-wavelength auxiliary signal injection technique. The gain fiber is a segment of polarization maintaining (PM) EY-DCF (DCF-EY-10/128-PM, Coractive) with absorption of 6 dB/m at 976 nm, whose core diameter and numerical aperture are 10 µm and 0.2, respectively. In order to avoid the SBS effect and guarantee enough signal output power, the EY-DCF length is selected to be 3.8 m. The gain fiber is forward cladding-pumped by two 976 nm 25 W laser diodes with pigtailed multimode fibers via a (6 + 1)×1 multimode pump combiner (MPC). The signal input fiber of MPC is a single-mode PM fiber (PM1550, Nufern), and the output fiber is a PM double-clad fiber (DCF-UN-8/125-14-PM, Coractive), which is the matched fiber for the EY-DCF supplied by the manufacturer for supporting single transverse mode transmission only around 1.5 µm. The MPC insertion losses for the pump and the signal are ∼0.27 and ∼0.6 dB, respectively. The residual pump in the cladding of EY-DCF is removed by a cladding-pump stripper (CPS), and the input and output fibers of CPS are also the matched fiber. The center wavelength and 3 dB linewidth of the input signal for the EYDFA are fixed at 1560.46 nm and 2.5 kHz, respectively, supplied by a MOPA system which is composed of a home-made single longitudinal mode linearly polarized DBR fiber laser with output power and 3 dB linewidth of about 0.8 mW and 1 kHz, a single-mode fiber pre-amplifier (Er-80) followed by a cladding-pumped double-clad fiber amplifier (DCF-EY-10/128-PM), and a narrowband ASE filter. This signal light is launched into the EYDFA via a fast-axis cut-off isolator (ISO-1) and a 1060/1560 nm PM wavelength division multiplexer (WDM-1), whose pigtails are all PM1550 fibers. The measured power and polarization extinction ratio (PER) of the signal after WDM-1 are 2.1 W and 25 dB, respectively. The dual-wavelength auxiliary signals in Yb-band are injected into the EYDFA through WDM-1. Three 1.4 W non-polarized fiber lasers with central wavelengths of 1030, 1040, and 1060 nm are prepared for investigating influences of dual-wavelength auxiliary signal injection on the amplifier performance. The injection powers of different wavelength auxiliary signals are adjusted by using fiber optical couplers with different coupling ratios and variable attenuator. The auxiliary signals after the EYDFA are demultiplexed with another 1060/1560 nm PM WDM (WDM-2) with insertion loss of ∼0.4 dB and damage power >20 W. The amplified 1560 nm signal is output via the fast-axis cut-off collimated isolator (C-ISO) with insertion loss of 0.5 dB. The pigtailed fibers of both the C-ISO and WDM-2 are PM1550.
Experimental Setup
The lengths of the pigtailed fibers for all components in EYDFA are shortened as much as possible to avoid SBS effect. The fiber lengths from the output port of WDM-1 to the input end of EY-DCF (input fiber link) and from the output end of EY-DCF to the collimated isolator (output fiber link) are 
Results and Discussion
The amplification performance of the EYDFA for the 2.1 W linearly-polarized 1560.46 nm signal with a 2.5-kHz linewidth are first investigated without any auxiliary signal injection. In our experiments, the backward Yb-ASE is always monitored with the OSA at one pumping idle end of the MPC. It is observed that both the 1560 nm signal output power and the backward Yb-ASE spectral amplitude grow as the pump power increases. Fig. 2 shows the monitored backward spectrum when the pump power reaches 21 W, the self-lasing near 1060 nm occur in the backward Yb-ASE meanwhile the signal output power measured after the C-ISO is 8.15 W. Also, it can be seen that a 1560 nm lasing is superimposed on the Er-ASE background. This backward 1560 nm lasing is caused by the Rayleigh scattering or the weak reflection of discontinuities for the amplified 1560 nm signal. The low amplitude of the 1560 nm lasing indicates that the fusion splice points in our amplifier are well optimized. From the inset which centers at 1560.46 nm, one can see that there is obvious first-order Stokes frequency-shifted light at 1560.54 nm, but its amplitude is significantly lower than that of the scattered or reflected amplified signal at 1560.46 nm by about 10 dB, indicating that the SBS effect is trivial during fiber amplification (see Fig. 5 ). Note that the MPC may be damaged if the pump power exceeds 21 W. This indicates that the allowable maximum pump power is 21 W, and the 1560 nm signal output power is limited to 8.15 W if the EYDFA operates without auxiliary signal injection.
In order to avoid the backward Yb-ASE self-lasing for increasing the allowable pump power, a 1060 nm auxiliary signal is injected into the EYDFA. The experiments show that as the auxiliary-signal-injection power increases, without triggering the backward Yb-ASE self-lasing, the allowable maximum pump power can be increased. Fig. 3(a) shows the measured backward Yb-ASE spectra for a pump power of 29 W when the injection powers of 1060 nm auxiliary signal are 100, 200, and 300 mW, respectively. As shown, for the fixed pump power of 29 W, the backward Yb-ASE spectral amplitude is higher for lower auxiliary signal injection power, implying that the allowable maximum pump power may be increased with the increase in auxiliary signal injection power. For an auxiliary signal injection power of 100 mW, which exactly gives the allowable maximum pump power of 29 W, the measured output powers of 1060 nm auxiliary signal and 1560 nm signal are 3.5 and 7.5 W, respectively. For an auxiliary signal injection powers over 100 mW, however, the measured 1560 nm signal output power is unexpectedly less than 7.5 W while the 1060 nm auxiliary signal output power is more than 3.5 W, even though the pump power is increased beyond 29 W which is allowed. This indicates that the additional pump power is mainly used for the amplification of the 1060 nm auxiliary signal, because the 3.8 m EY-DCF is too short to reabsorb the amplified 1060 nm auxiliary signal effectively due to its very weak absorption.
Therefore, we switch the auxiliary signal wavelength from 1060 to 1030 nm for relatively strong absorption in the EY-DCF. Fig. 3(b) shows that without triggering backward Yb-ASE self-lasing, the measured backward Yb-ASE spectra at the allowable maximum pump powers for different 1030 nm auxiliary signal powers. As seen from the figure, for the auxiliary signal power of 200 mW, the allowable maximum pump power that still cannot trigger potential backward Yb-ASE self-lasing near 1060 nm is 27 W. The allowable maximum pump power can increase to 29 W if the auxiliary signal power is increased to 600 mW, but it will no longer increase even if the auxiliary signal power continues to be increased to 1 W. This is because of the inhomogeneous gain broadening exhibited by the doped ytterbium ions in EY-DCF [21] , resulting that the potential self-lasing near 1060 nm cannot be avoided by simply increasing the auxiliary signal power to saturate the gain deeply at 1030 nm. For the auxiliary signal injection powers of 200 and 600 mW that give the allowable maximum pump powers of 27 and 29 W respectively, the measured output powers of the 1560 nm signal after the C-ISO are 11.5 and 12 W, significantly higher than that for the 1060 nm auxiliary signal. However, because of the similar reason in the case of the 1060 nm auxiliary signal, the 1560 nm signal output power also decreases from 12 W when the auxiliary signal power continues to increase beyond 600 mW.
Considering that the potential self-lasing near 1060 nm still cannot be avoided by increasing the 1030 nm auxiliary signal power owing to the inhomogeneous ytterbium gain broadening in EY-DCF, we change the auxiliary signal wavelength again to 1040 nm, which is spectrally closer to the potential self-lasing at 1060 nm while still with enough absorption. Fig. 3(c) shows that without triggering backward Yb-ASE self-lasing, the measured backward Yb-ASE spectra at the allowable maximum pump powers for different 1040 nm auxiliary signal powers. As shown, the variation of the allowable maximum pump powers for different auxiliary signal powers at 1040 nm is similar to that at 1030 nm, in particular, the potential self-lasing near 1060 nm still cannot be avoided by increasing the 1040 nm auxiliary signal power. However, the allowable maximum pump power can be increased to 34 W. For the optimized 1040 nm auxiliary signal power of 600 mW, the maximum output power of the 1560 nm signal is 11.6 W, slightly lower than 12 W in the case of the 1030 nm auxiliary signal injection. This may be because the secondary pumping function of the amplified auxiliary signal at 1040 nm is slightly weakened owing to its lower absorption compared to that at 1030 nm. Note that the 1560 nm signal output power also decreases if the 1040 nm auxiliary signal power continues to increase beyond 600 mW for the same reason discussed above.
The above experimental results show that by using a single wavelength auxiliary signal to avoid the potential backward Yb-ASE self-lasing, the allowable maximum pump power cannot be greatly increased due to the inhomogeneous gain broadening of EY-DCF. Moreover, the injected auxiliary signal should have higher absorption to perform its secondary pumping function in the short EY-DCF used to suppress the SBS effect. Therefore, we inject dual-wavelength auxiliary signals at 1030 nm and 1040 nm, and find that the allowable maximum pump power can be increased to over 40 W when 1030 and 1040 nm auxiliary signal powers are selected properly. For comparison, Fig. 4(a) shows the variations of 1560 nm signal output power with pump power under three sets of injected 1030 and 1040 nm auxiliary signal powers, namely 600 and 600 mW, 600 and 200 mW, and 200 and 600 mW, respectively. Here, the maximum 1560 nm signal output power measured after the C-ISO is 13.3 W when the dual wavelength auxiliary signal powers are either 200 or 600 mW. When the dual-wavelength auxiliary signal powers are both 600 mW, the maximum output power of 1560 nm signal can be as high as 13.8 W, corresponding to an output power of 17.2 W at the EY-DCF output end subtracting the 0.95-dB insertion loss at the output fiber link, which gives a conversion efficiency of 43%.
The measured backward Yb-ASE spectra at 40 W pump power for the three sets of injected dualwavelength auxiliary signal powers are shown in Fig. 4(b) . Obviously, by injecting dual-wavelength auxiliary signals to eliminate inhomogeneous gain broadening of the EY-DCF and without triggering backward Yb-ASE self-lasing, the allowable maximum pump power is increased to 40 W in all three cases. Therefore, the use of this dual-wavelength auxiliary signal injection scheme can result in a significant increase in output power of the 1560 nm signal. Moreover, the fact that the backward Yb-ASE spectral amplitude near 1060 nm for the 600 mW dual-wavelength auxiliary signal powers is the lowest among the three measured spectra, implies that the allowable maximum pump power for this injection condition may still increase to over 40 W for a 1560 nm output power higher than 13.8 W. However, to the best of our knowledge, the 1560 nm output power of 13.8 W may still be thus far the highest output power achieved for a kHz-linewidth linearly polarized 1560 nm signal with a cladding-pumped EYDFA. When the dual-wavelength auxiliary signal powers are further increased, the allowable maximum pump power can still be improved, but the 1560 nm signal output power decreases again, which is also because the amplified auxiliary signals cannot be effectively absorbed by the short EY-DCF. Note that the injected 1030 and 1040 nm auxiliary signals shown in Fig. 4(c) may be supplied by a 1030 and 1040 nm dual-wavelength fiber laser in future, because the 600 mW output power for such a laser may be achieved easily using double-clad ytterbium-doped fiber [22] , [23] . Thus, the dual-wavelength auxiliary signal injection technique will not cause complicated structures or increase costs for the cladding-pumped EYDFA. In addition, we believe the achievable 1560 nm output power using our cladding-pumped EYDFA can be improved further, when new EY-DCF for faster ytterbium-to-erbium energy transfer rate becomes available. Fig. 5(a) and (b) show the output spectrum and its enlarged view near 1560 nm measured after the C-ISO when the pump power is 40 W and the injected 1030 and 1040 nm auxiliary signal powers are both 600 mW. It can be seen that the optical signal-to-noise ratio of the 1560 nm output signal can reach 52 dB. No obvious SBS effect is observed here, though there exist a first-order Stokes frequency shifted light in the backward propagation direction (see Fig. 2 ), indicating further that the SBS effect is not serious in our fiber amplifier. This may be attributed to the temperature gradient distribution along the gain fiber, which is naturally formed by the pump absorption, and known to increase the SBS threshold via an effective broadening of the Brillouin gain [24] . Moreover, the measured polarization extinction ratio is still 25 dB, showing excellent polarization fidelity for our amplifier. The measured beating RF spectra for the input and output signals using the standard delayed self-heterodyne system, and the Lorentz fitting curves for the measured spectra are shown in Fig. 6 . As shown, the 20 dB linewidths of RF spectra for the input and output signals are 50 and 70 kHz, respectively, which correspond to the 3 dB linewidths of 2.5 and 3.5 kHz for the input and output signals, respectively. Therefore, the signal linewidth only broadens slightly during the amplification process in the EYDFA probably because of the fiber nonlinearity [11] , [12] .
Conclusions
We have proposed and demonstrated a PM cladding-pumped EYDFA scheme based on a dualwavelength auxiliary signal injection technique. For the high-power fiber amplification of 1.5 µm band kHz-linewidth linearly-polarized laser signal by using a single wavelength auxiliary signal injection, the backward Yb-ASE self-lasing under strong pumping caused by the inhomogeneous gain broadening of the EY-DCF can still occur easily. This limits the allowable maximum pump power as well as the maximum signal output power for the EYDFA. Without triggering the backward Yb-ASE self-lasing, when EYDFA is injected with a dual-wavelength auxiliary signal at 1030 and 1040 nm, the allowable maximum pump power could increase considerably due to the relieving effect of the dual wavelength auxiliary signal on the inhomogeneous gain broadening of the EY-DCF. The amplified dual-wavelength auxiliary signals can also be served as secondary pumping due to their relatively stronger absorptions, even though the EYDFA has a short gain fiber for avoiding SBS effect. These combined mechanisms greatly improve the output power of a 1.5-µm kHz-linewidth linearly-polarized laser signal. The experimental results have shown that, with the proposed dual-wavelength auxiliary signal injection technique, the allowable pump power for an EYDFA with 3.8-m EY-DCF is increased to over 40 W. Consequently, the net output power from the EYDFA is improved to 13.8 W, while the linewidth of the amplified single transverse mode linearly-polarized 1560 nm laser signal is still only 3.5 kHz. To the best of our knowledge, this may the highest output power achieved thus far with such a cladding-pumped EYDFA in the 1.5 µm band.
